Recent experimental investigation showed that NiTi shape memory alloy microtubes exhibit deformation instability and complicated non-uniform strain evolution during combined tensile and torsional loading. In this paper, in situ profilometry is introduced to measure the non-uniform strain fields in the tube configuration. This method employs an optical profiler to quantify the surface morphology of the specimen in a full-field and non-contact manner. Existing defects and/or sprayed speckles on the specimen surface are used to build the displacement field of the specimen and therefore to obtain the strain field. This new method has been proven by experiment to be effective and reliable. It has led to two important experimental results: (1) inside the transformation domain the strains are uniform; (2) across the domain front the shear strain remains unchanged but the tensile strain experiences a rapid change.
Introduction
Motivated by the successful application of NiTi shape memory alloy microtubing in human implants and surgical instruments, experimental research on its mechanical behaviour has started to gain momentum in recent years (Berg 1997 , Li and Sun 2000 . The microtube is usually polycrystalline and nano-grained, with an outer diameter ranging from 0.06 mm to several millimetres and with a length of a few metres. It is manufactured by cold drawing so it has a strong texture which gives a significant anisotropy in its mechanical properties during phase transformation. Recent investigation (Feng 2005, Feng and Sun 2006) showed that the deformation process in such a nanograined polycrystal during stress-induced phase transformation involves deformation instability and is multi-scale in nature. Inherent in such a process is the macroscopic deformation band formation and growth as demonstrated in both the stress-strain response and surface morphology. It is shown that a localized 1 Author to whom any correspondence should be addressed.
transformation domain (see figure 1) can develop and further evolve in the tube under both uniaxial tension and combined tension-torsion loading. The strain components inside and outside the domain vary with applied elongation (tension) and twisting (shear) of the tube, demonstrating the complicated behavior of the material under biaxial loading. Obviously, one of the most important steps towards the systematic understanding of the material's constitutive behavior is to measure the non-uniform strain fields of the tube under this type of loading.
Technically, the measurement of strain fields in the very small tube configuration under biaxial loading is a challenging task and the solution of this problem has not been reported in the literature. The measurement difficulties mainly involve small sample size, non-planar surface and large rotation of measurement area, high resolution and non-contact. Among the strain components of domains, although the out-of-plane strain ε z (z presents the radial direction of the tube; see the coordinate system shown in figure 1) can be readily measured by a profiler in the same ways as in uniaxial tension tests of the microtube , the in-plane strain components ε x , ε y , and γ x y (see figure 1 ) are still very difficult to obtain. Basically, all the commercial extensometers, strain gauges and Moiré interferometers are not suited to microtubing. Thus an appropriate method capable of measuring the in-plane strain fields must be developed. This paper reports a new method of in situ strain field measurement based on the high resolution non-contact surface profiler (NT3300, Wyko, USA) and the mini loading system for tension and torsion tests on NiTi microtubing recently developed by the authors (Feng and Sun 2004) . Section 2 describes the details of the method, such as the principles of measurement, selection of particles and error analysis. Section 3 gives the experimental results for both uniaxial tension and biaxial loading tests. The conclusions are given in section 4.
In situ profilometry for strain field measurement

Principles of measurement
The main instrument employed by the authors to measure the strain fields is a high resolution optical profiler (vertical resolution < 0.3 nm, lateral spatial sampling i.e. scanning spacing 0.08-13.1 μm, NT3300, Wyko, USA), which is used to obtain, in a full-field and non-contact manner, the in situ 3D surface topography (see figure 2) of the microtube under stress. Thus the proposed method is called in situ profilometry.
From the 3D surface topography, particles on the tube surface can be located. The positions of a group of these particles in the stress-free state are denoted by their coordinates (x i , y i ) (i = 1, 2, 3 . . ., n, n is the number of the particle) and the positions of the same particles in a deformed state are denoted by (x i , y i ). Then in-plane displacements of the particles along the x and y directions are respectively
According to the strain-displacement relations in the coordinate system based on the stress-free state of the material (see Fung 1994) , the in-plane components of Green's strain tensor are 
where w is the displacement along the z direction. If the displacement components u, v and w are such that their first partial derivatives are so small that the squares and products of these derivatives are negligible, equation (2) reduces to
The local engineering strain components ε x , ε y , and γ x y can be calculated from the positions and displacements of the particles S181 by
in which particle j must be close enough to particle i . According to equation (4), the position of the coordinate origin and the unit used for particle positions/displacements have no influence on the result. Therefore, we can locate the particles directly on the topography and use pixels as the unit of measurement since the topography is a digital image with the same spatial sampling along the x and y directions.
Selection of particles and error analysis
On the specimen surface both existing defects and sprayed speckles can be used to build the displacement field.
Mechanical polishing of the sample in preparation leads to many fine scratches on the tube surface as shown in figure 2. Since the scratches are embedded in the specimen, the intersections of two scratches (see A, B and C in figure 2) can be regarded as material particles to carry the displacement. Generally, the scratch depth (<0.15 μm) is much less than the maximum height difference of the tube surface (≈5 μm) over the measurement region (100-200 μm wide) so that only a few scratch intersections in the neighbourhood of the tube top can be identified in the linear-scaled topography. We can identify more intersections by subtracting a smooth cylindrical tube surface from the measured topography. As a result the enhanced surface relief of figure 2 is shown in figure 3 .
Fine paint speckles (with sizes in the range of 1-50 μm) sprayed on the tube can also be treated as material particles to measure the displacements since they deform together with the tube surface (no flaking off and no slipping) during the loading of the tube. Compared with the scratch intersections, they are more easily identified and traced (see D, E and F in figure 4).
In this method, the measurement error in local strain is mainly due to the particle location. We consider the axial strain ε x as an example. The measurement error δε x is
where the symbolˆrepresents the measured value. Substituting the first formula of equation (4) into (5), the maximum error is obtained as
where δx and δu are the location errors of the particle position and particle displacement. Normally, δx 0.5 pixel and δu = 2δx 1 pixel for manual location. On the topography, we can always select two particles i and j so that the distance between them x = |x i − x j | δu = 2δx. Equation (6) thus reduces to
In a general case x = 600 pixels, the maximum measurement error is 0.3%. The maximum error of ε y and γ x y can be similarly estimated. We must emphasize here that in the real measurement the error is much less than the maximum error as shown in section 3. It should be noted that a 'curved tube surface → plane' treatment is used to obtain in-plane displacement data for the profiled region of the tube. In the case that the outer diameter of the tube specimen is 1.73 mm and the width of the measurement region is 0.24 mm which is about one twentieth of the perimeter of the cross section (see figure 5) , the measurement error caused by such a treatment is very small and can be neglected.
Strain field measurement of NiTi microtubes by in situ profilometry
The material used in the experiment was a polycrystalline NiTi tube with grain size of about 100 nm and a composition of 55.4 wt% Ni (Nitinol Devices & Components, USA). Its outer and inner diameters are 1.78 and 1.47 mm respectively. The measured austenite finish temperature (A f ) is 1
• C so the tube is superelastic at a room temperature of 23
• C. The sample was chemically etched into a dog-bone shape and then mechanically polished with fine grained sand paper. The finished specimen had an outer diameter of 1.73 mm in its gauge section (40 mm long). The deviation of the outer diameter in the gauge section was less than 0.01 mm by measurement. In situ profilometry was first applied to measure the inplane strain components in a tension test of the microtube. The measured axial strain value was compared with the value obtained by an extensometer on the same sample. Then the method was used to determine the axial and shear strains in a combined tension and torsion test on the same specimen.
Results of in situ tension test
The austenite to martensite (A → M) phase transformation of the specimen was induced by a quasistatic displacementcontrolled uniaxial tension at room temperature (The room temperature was always kept at 23
• C) using the loading frame developed by the authors (see Feng and Sun 2004) . After the martensite was nucleated and developed into a helical band in the specimen, the elongation was fixed and the specimen was put under the profiler together with the loading frame. The 3D surface topography of a region inside the macroscopic helical transformation domain was obtained as shown in figure 2(b) . After the specimen was fully unloaded, the topography of the same region was obtained as shown in figure 2(a) .
The first step to determine the strains was to enhance the two surface topography images in figure 2 over the same measurement area (see the result in figure 3 ). Then the positions of the same group of scratch intersections in the enhanced images were obtained respectively (see the result in figure 6(a) ). The displacement components of those intersections were calculated by equation (1) and the in-plane strain components were obtained by equation (4) (see the result in figure 6(b) ). The above in situ measurement process can be repeated for different regions of the tube surface.
In figure 6 (b), it is seen that the u-x relation is very close to linear, which means that the axial strain is uniform in the transformation domain. Therefore the uniform tensile strain S183 assumption used in the previous theoretical analysis ) is verified by the experiment here. Similarly, the other two in-plane strain components ε y and γ x y were obtained and they are also uniform in the domain. The final results are ε x = 6.39%, ε y = −2.37%, γ x y = −0.06%. (8) The method developed here can be used to measure the out-of-plane normal strain ε z in two different ways. One is to measure the amount of necking of the cylindrical domain and then to compare it with the original tube diameter. The other is to measure the tube wall thickness change caused by the newly nucleated helical band and then to compare it with the original tube wall thickness. The results obtained by the two different ways were almost identical and the measured outof-plane normal strain is −3.69%.
For comparison, the axial strain was measured by a mini extensometer (3 mm gauge length, 632.29F-20, MTS, USA). The results are ε x = 6.36%, ε 0 = 1.22% (9) where ε 0 is the strain of the austenite outside the transformation domain at the stress plateau. It is clear that the values of the axial strain measured by the mini extensometer and the profiler are very close to each other but the latter has a much higher spatial resolution and non-contact feature. Furthermore, it can determine all in-plane strain components and obtain the strain field of the measured area. Now we consider the volume strain of the region during phase transformation T . The total volume strain is calculated by = ε x + ε y + ε z = 6.39% − 2.37% − 3.69% = 0.33%. (10) The volume strain due to phase transformation should be estimated by where elastic is the elastic volume strain of the austenite phase at the stress plateau and ν is its Poisson's ratio. For the NiTi material, ν is about 0.3 so the value of T is −0.16%. This is consistent with the data reported in the literature (for example, see Funakubo 1984) where the volume change of NiTi during phase transformation is negative and is of the order of 0.1%.
Results of in situ tension-torsion test
The same specimen used in the tension test was twisted and stretched proportionally using the developed loading frame with the ratio of nominal shear strain γ to nominal tensile strain ε set to 1.27(γ /ε = 1.27). The nominal strains are calculated by
in which α, R, L and δ are the twist angle, cross-section radius, length and elongation of the specimen gauge section, respectively. The procedure of the strain measurement is the same as that described in section 3.1. The surface topography of a region near the boundary of a cylindrical transformation domain (with several branched martensite/austenite tips) was obtained as shown in figure 4(b) . After the tube was fully unloaded, the topography of the same region was obtained as shown in figure 4(a) . From the two topographies, a group of particles (scratch intersections and sprayed speckles) were then located as shown in figure 7(a) (the region in figure 4 is shown in figure 7(a) ). The particle displacements were calculated by equation (1). The calculated axial and shear strains in each domain are shown in figure 7(b) . It is noted that from figure 7(a) the variation of v with x is much greater than the variation of u with y, so the shear strain γ x y is approximately equal to ∂v/∂x. In the figure it can be seen that across the front of the martensite domain the shear strain remains unchanged but the tensile strain changes rapidly. The axial strain in the martensite domain (ε x ) M , the axial strain in the austenite domain (ε x ) A and the shear strain in both domains are respectively
(ε x ) A = 1.04%, γ x y = 3.81% (13) ε y and ε z can be determined similarly.
It should be noted that the measurements were repeatable in the tests on both the same specimen for more than ten loading-unloading cycles and on eight other specimens whose gauge length ranged from 32 to 72 mm. The result that across the domain front the shear strain remains unchanged but the tensile strain changed rapidly was supported by a series of proportional tension and torsion tests with seven different tension/twist ratios. Here we describe only two representative experiments.
Conclusions
In situ profilometry can be used as an effective method for small scale and high resolution strain field measurement in miniature devices such as microtubes. This method employs an optical profiler and a mini loading frame to quantify the in situ surface morphology of specimens in a full-field and noncontact manner. Existing defects and sprayed speckles on the specimen surface are used as physical particles to carry the displacement information. The strain field is obtained from the strain-displacement relations. This method was applied to measure the strain field of NiTi microtubes under biaxial loading and was proven to be reliable. The measurement area can be curved and as small as 0.1 mm × 0.1 mm, which is very difficult to achieve by the existing methods.
In the experiments, it was found that the strain field inside the transformation domain (martensite band) is uniform. The strain uniformity stands on macroscopic scale (note that the average distance between two adjacent sampled points is about 20 μm but the grain size of the tube is about 100 nm), i.e. if we attached a series of non-contact extensometers of gauge length about 20 μm at different locations inside the domain, the measured strains are the same. It was also found in proportional tension-torsion tests on the microtube that across the front of the domain the tensile strain changes rapidly but the shear strain remains unchanged. These experimental results help to clarify the stress state dependence of the transformation strains. Therefore the developed method is very important to the constitutive modelling of the material.
We end this paper with suggestions for further improvement in the following aspects. The measurement error can be further reduced. One way is to apply appropriate techniques of digital image processing to the particle locating. Another way is to increase the sample points (scratch intersections and sprayed speckles) by more sophisticatedly controlled polishing and spraying. The strain profile across the front (with a transition zone width of 0.1-0.2 mm at the tube surface) can be obtained similarly by the proposed method with a smaller spatial sampling (lower limit of the profiler: 0.08 μm).
